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With proper profiles of the scalar potential and the dilaton field, for the first time, the spontaneous
chiral symmetry breaking in the vacuum and its restoration at finite temperature are correctly
realized in the holographic QCD framework. In the chiral limit, a nonzero chiral condensate develops
in the vacuum and decreases with temperature, and the phase transition is of 2nd order for two-
flavor case and of 1st order for three-flavor case. In the case of explicit chiral symmetry breaking,
in two-flavor case, the 2nd order phase transition turns to crossover with any nonzero current
quark mass, and in three-flavor case, the 1st order phase transition turns to crossover at a finite
current quark mass. The correct description of chiral symmetry breaking and restoration makes the
holographic QCD models more powerful in dealing with non-perturbative QCD phenomena. This
framework can be regarded as a general set up in application of AdS/CFT to describe conventional
Ginzburg-Landau-Wilson type phase transitions, e.g. in condensed matter and cosmology systems.
PACS numbers: 13.40.-f, 25.75.-q, 11.10.Wx
Introduction: The spontaneous chiral symmetry break-
ing and the color charge confinement are two most in-
triguing non-perturbative aspects of Quantum Chromo-
dynamics (QCD). It is widely believed that chiral sym-
metry can be restored and color degrees of freedom can
be freed at high temperature and/or density. The inter-
play between chiral and deconfinement phase transitions
are of continuous interests for studying the QCD phase
diagram, which is always the most important topic of
high energy nuclear physics. The deconfined quark-gluon
matter might be formed during the evolution of the early
universe at high temperature, and could exist in the core
of compact stars at high baryon density, respectively. In
laboratory, ultrarelativistic heavy ion collisions (HIC) at
the Relativistic Heavy Ion collider (RHIC) and the Large
Hadron Collider (LHC) provide a unique controllable ex-
perimental tool to investigate QCD phase transitions and
properties of quark matter at high temperature and small
baryon density, while future facilities at FAIR and NICA
will focus on exploring QCD phase structures at finite
baryon density.
The chiral symmetry breaking and restoration is well
defined in the chiral limit when the current quark mass
is zero, and characterized by the order parameter 〈q¯q〉,
i.e., the chiral condensate [1, 2]. The confinement decon-
finement phase transition is related to the center sym-
metry, which is only well defined in pure gauge sector
when the current quark mass goes to infinity m → ∞,
and the order parameter is characterized by the Polyakov
loop expectation value 〈L〉 [3]. In principle, the chiral
restoration and deconfinement phase transition can be
separated. At zero density, lattice QCD results show that
in the chiral limit the chiral and deconfinement phase
transitions occur at the same critical temperature [4].
However, in the case of physical quark mass, lattice sim-
ulations [5] shows that the critical temperatures for chiral
restoration of light quarks T
χ,(u,d)
c = 151MeV and decon-
finement phase transitions T dc = 176MeV are different.
It is also known that [6–9], in the chiral limit, the chiral
phase transition is of second order phase transition for
two-flavor case, and is of first order for three-flavor case
due to the three-flavor mixing term or t’Hooft determi-
nant term. When considering the finite quark mass, the
chiral phase transition turns to be a crossover.
QCD vacuum properties, QCD phase transitions and
hot/dense matter around critical temperature/density
are mainly dominated by non-perturbative dynamics,
hence perturbative methods become invalid in this
region. Non-perturbative methods such as lattice
QCD, Dyson-Schwinger equations (DSEs), and func-
tional renormalization group equations (FRGs) have
been developed for several decades. Recently, the con-
jecture of the gravity/gauge duality [10–12] provides a
new hopeful tool to tackle the strong coupling problem of
the strong interaction. By breaking the conformal sym-
metry in different ways, many efforts have been made
both in top-down and bottom-up approaches towards
more realistic holographical description of QCD in non-
perturbative region, such as hadron physics, QCD phase
transitions, thermodynamical and transport properties of
hot/dense QCD matter (see [13–17] for reviews).
For QCD phase transitions, most bottom-up holo-
graphic studies focus on confinement/deconfinement
phase transition related to pure gauge sector. However,
the chiral phase transition has been much less studied
in the framework of bottom-up holography due to the
2complexity when adding flavor dynamics. In top-down
approach, normally Dp − Dq system is used in type II
superstring theory, with the Dp background brane de-
scribing the effects of pure QCD non-Abelian gauge the-
ories and the Dq probe brane describing the flavor dy-
namics, e.g. Sakai-Sugimoto model(D4-D8)[18, 19] and
D3-D7[20] systems. In bottom-up approach, normally
a flavor action is added on the metric background as in
the hard-wall [21] and soft-wall [22–31] holographic QCD
models. The chiral phase transition of QCD has never
been correctly realized in the framework of AdS/CFT
from both top-down and bottom-up approaches. In this
work, we show how to correctly realize chiral symmetry
breaking in the vacuum and restoration at finite temper-
ature in the soft-wall holographic QCD models.
In bottom-up approaches, hard-wall model [21] and
soft-wall model [22] are successful in describing hadron
physics. Their extended models [25–31] can describe the
hadron spectra and related quantities in very good accu-
racy. In these models, the chiral condensate is introduced
to realize the spontaneous chiral symmetry breaking at
zero temperature. However, there is no correct quark
mass dependence for the chiral condensate, and cannot
give the correct chiral symmetry breaking mechanism at
zero temperature. Furthermore, the chiral phase tran-
sition at finite temperature cannot be correctly realized
in the soft-wall holographic models. We find that both
profiles of the scalar potential and the dilaton field are
essential to generate correct quark mass dependence be-
havior of the chiral condensate.
The framework: In this work, we only focus on chiral
symmetry breaking and restoration, therefore, we only
take the scalar part of the SU(Nf)L × SU(Nf )R 5D ac-
tion, which takes the following form
S = −
∫
d5x
√−ge−ΦTr(DmX+DmX + VX(|X |)). (1)
Here Φ is the dilaton field, and the 5D mass of the com-
plex scalar field X can be determined as M25 = −3 from
the AdS/CFT dictionary M25 = (∆ − p)(∆ + p − 4)[12]
(here we have set the AdS radius L = 1) by taking
∆ = 3, p = 0. In this work, we do not consider the
back-reaction of the dilaton field and scalar field to the
background geometry, and g is the AdS5 metric back-
ground. In the string frame one has
ds2 = e2As(z)(−f(z)dt2 + 1
f(z)
dz2 + dxidx
i), (2)
with the background metric Eq.(2) as the AdS-
Schwarzchild black hole solution, in which
As(z) = − log(z), (3)
f(z) = 1− z
4
z4h
. (4)
Here zh is the horizon of the black hole defined at f(zh) =
0 and related to the temperature T of the system by the
Hawking formula
T = |f
′
(zh)
4π
| = 1
πzh
. (5)
If the scalar field X gets a non-vanishing vacuum ex-
pectation value X0, then SU(Nf)L × SU(Nf )R is spon-
taneously broken. In this work, we would work in the
case that mu = md for Nf = 2 and mu = md = ms for
Nf = 3, so we would expect that the symmetry would be
broken to SU(Nf ) and X0 =
χ(z)√
2Nf
INf . Here INf is the
Nf ×Nf identity matrix and χ(z) is assumed to depend
only on the fifth coordinate z. Inserting the expectation
value of X , we get the effective description in terms of χ
of the following form
Sχ = −
∫
d5x
√−ge−Φ(1
2
gzzχ
′2 + V (χ)), (6)
where we simply denote the scalar potential in terms of
χ as
V (χ) ≡ Tr(VX(|X |)) = −3
2
χ2 + v3χ
3 + v4χ
4. (7)
The leading term of V (χ) comes from the mass term and
it is fixed to be − 32χ2. The quartic term v4χ4 keeps
χ↔ −χ symmetry, and the cubic term v3χ3 comes from
the three-flavor mixing term and vanishes for the two-
flavor case. The equation of motion for χ with respect to
the action Eq.(6) can be derived as
χ
′′
+ (3A
′
s − Φ
′
+
f
′
f
)χ
′ − e
2As
f
∂χV (χ) = 0. (8)
According to the AdS/CFT prescription, the UV asymp-
totic behavior of χ(z), which is assumed to be dual to
the q¯q operator in QCD, and the leading UV expansion
of this equation is still of the formmqζz+
σ
ζ
z3 withmq the
current quark mass, σ the chiral condensate and ζ =
√
3
2π
[32].
In order to solve the chiral condensate from Eq. (8),
one has to know the profile of the dilaton field Φ(z). The
positive dilaton background as in the original soft-wall
model cannot generate correct chiral symmetry breaking
in the chiral limit. We find that a negative dilaton field
as introduced in [33, 34] can create the chiral symmetry
breaking in the chiral limit and can realize chiral phase
transition, for details see [35]. However, as pointed out
in [22, 36], the negative dilaton background predicts an
un-physical massless scalar meson state which is unac-
ceptable. The results from spectra analysis and thermo-
dynamical analysis seem in contradiction. To solve this
issue, one has to note that the dominating energy scale
of chiral symmetry breaking is around 1GeV and that of
confinement is around 200 ∼ 300MeV[37]. In the Regge
behavior analysis, the confinement is the dominating ef-
fect while in chiral symmetry breaking mechanism new
3scale should be introduced. Taking into account the lat-
ter, we expect that the negative dilaton dominates at
small z and at large z positive dilaton would dominate.
In between the two, we take the following simple inter-
polation
Φ(z) = −µ1z2 + (µ1 + µ0)z2 tanh(µ2z2), (9)
where µ0 = (0.43GeV)
2 taken from [30, 31] to produce
the Regge spectra. At ultraviolet (UV) when z → 0,
Φ(z) → −µ1z2, and at infrared (IR) limit when z → ∞
the above interpolation goes to Φ(z) → µ0z2, which is
responsible for the linear confinement. In fact, QCD
at IR region has actually no exact conformal symmetry.
Therefore, we need to consider IR improved Soft-Wall
AdS/QCD. In general, such an IR modified AdS/QCD
model can include IR improved metric, quartic term,
dilaton and conformal mass. In this paper, we shall focus
on the simple IR improved dilaton that changes sign in an
appropriate region as shown in Eq.(9). The other IR im-
proved Soft-Wall AdS/QCD models will be investigated
elsewhere.
We firstly consider the two-flavor Nf = 2 case, where
v3 = 0 in Eq.(7), we choose v4 = 8 in order to produce
proper scalar mass as in [27]. We show the dilaton field
profile Φ(z) as a function of z in Fig.1(a), and the corre-
sponding solution of the chiral condensate σ from Eq.(8)
as a function of the temperature in Fig.1(b). It is no-
ticed that if we choose the positive dilaton field profile
(the red cross line) as in the original soft-wall model [22],
in the chiral limit, the chiral condensate σ vanishes for all
temperatures. This means there is no chiral symmetry
breaking in the vacuum with a positive dilaton field pro-
file. When we choose the dilaton profile which is negative
at UV and positive at IR as shown in black solid, blue
dashed, and cyan dotdashed lines in Fig.1(a), a nonzero
chiral condensate develops in the vacuum as shown in
Fig.1(b). This means that the chiral symmetry is sponta-
neously broken in the vacuum. When the temperature in-
creases, the chiral condensate decreases and drops to zero
at the critical temperature Tc, which shows that the chi-
ral phase transition is of second order in the chiral limit.
With proper choice of µ1 = (0.83GeV)
2 ≃ 0.69GeV2 and
µ2 = (0.176GeV)
2 ≃ 0.03GeV2, one can have the criti-
cal temperature Tc = 151MeV. When the current quark
mass is nonzero, e.g. m0 = 7MeV, the chiral symme-
try is explicitly broken, we find that the phase transition
turns to be a crossover as shown by the black dashed
line in Fig.1(b). With the same parameters choice of
µ1 = 0.69GeV
2 and µ2 = 0.03GeV
2, the pseudo-critical
temperature is around Tc = 150MeV, which is in agree-
ment with lattice results in [5].
In the case of three-flavor (Nf = 3), for simplicity, we
take mq = mu = md = ms, we have v3 6= 0 due to
the three-flavor mixing term or the t’Hooft determinant
term. We choose v3 = −3 and keep the set of parame-
ters v4 = 8, µ1 = 0.69GeV
2 and µ2 = 0.03GeV
2 as in
the two-flavor case. In Fig.2, we show the chiral conden-
sate as a function of temperature T with mq = 0 and
(a)
(b)
FIG. 1: (a) The profile of the dilaton field Φ(z) as a function
of z with different sets of parameters in unit of GeV2. (b) The
corresponding solution of the chiral condensate σ in two-flavor
case as a function of the temperature T .
FIG. 2: The chiral condensate σ in three-flavor case as a
function of temperature T with the set of parameters: v3 =
−3, v4 = 8, µ1 = 0.69GeV
2 and µ2 = 0.03GeV
2 with mq = 0
and mq = 55MeV, respectively.
4mq = 55MeV, respectively. It is found that in the chi-
ral limit, the temperature dependent chiral condensate
shows a typical 1st-order phase transition behavior (in
red solid line and red dashed line), i.e., in certain tem-
perature region, there exist three solutions for the chiral
condensate. In order to determine the stable solution,
one has to compare the free energy of the system, which
is extracted from the on-shell action and takes the fol-
lowing form:
F ≡ F
V3
=
∫
dz
√−ge−Φ(−1
2
v3χ
3 − v4χ4)
−1
2
(χe3As−Φfχ
′
)|ǫ. (10)
When mq 6= 0, the last equation is divergent near ǫ = 0,
and one has to add counter term to cancel the divergence,
while when mq = 0, the UV divergence disappears and
the last equation can be directly calculated after insert-
ing the solutions of Eq.(8). The minimum free energy
determines the stable solution of the chiral condensate
at fixed temperature, and the stable solution of the chi-
ral condensate as the function of temperature is shown
by red solid line in Fig.2. It is shown that at the critical
temperature Tc = 173MeV, the chiral condensate jumps
to zero and the phase transition is of 1st-order. In the
case of explicit chiral symmetry breaking with a finite
current quark mass mq = 55MeV, the phase transition
turns to be a cross-over. This scenario is in agreement
with the ”Colombia Plot” in [6]. We will consider the
real three-flavor case with mu = md < ms in the near
future.
Summary: In this work, we investigate the chiral sym-
metry breaking and chiral phase transition in the frame-
work of soft-wall holographic QCD model.
In the original soft-wall model with positive dilaton
field, the chiral condensate is introduced to characterize
the chiral symmetry breaking. However, it is worthy of
mentioning that, in the chiral limit, the chiral condensate
is zero at zero temperature, which means there is no spon-
taneous chiral symmetry breaking in the vacuum in this
model. In order to realize the chiral symmetry break-
ing in the chiral limit, we find that one has to choose
proper profiles for both the scalar potential and the dila-
ton field. Firstly, it is necessary to add the non-linear
terms in the scalar potential, and we assume the sim-
plest non-linear potential by adding the cubic term and
the quartic term, where the cubic term only appears in
three-flavor case due to the flavor mixing. Secondly, it is
found that the positive dilaton background in the original
soft-wall model does not give correct behavior of chiral
condensate even when taking into account the non-linear
potential for the scalar field, but a negative dilaton back-
ground can give prediction on chiral phase transition in
good agreement with the Columbia sketch qualitatively.
Since chiral symmetry breaking and confinement happen
in different scales, it is reasonable to assume the nega-
tive dilaton and positive dilaton dominating in different
regions. By interpolating both the negative dilaton at
UV (determined by the chiral symmetry breaking) and
the positive quadratic dilaton at IR (determined by the
linear confinement) in a simple way, one can avoid the
massless scalar meson state and get a result qualitatively
similar to the negative dilaton background result.
With nonlinear scalar potential and the dilaton field
which is negative at UV and positive at IR, for the first
time, we can realize the spontaneous chiral symmetry
breaking in the vacuum and its restoration at finite tem-
perature in the holographic QCD framework. In the chi-
ral limit, a nonzero chiral condensate develops in the vac-
uum and decreases with the temperature, and the phase
transition is of second order for two-flavor case and of
1st-order for three-flavor case. In the case of finite cur-
rent quark mass, the phase transition turns to crossover
in both two-flavor and three-flavor cases.
The profile of the scalar potential determines the pos-
sible solution structure of the chiral condensate, which
is the sufficient condition for the chiral condensate and
determines the order of phase transition. The profile of
the dilaton field is determined by gluodynamics, which
is the necessary condition for the chiral condensate. Our
results indicate that only with proper gluodynamics run-
ning from UV to IR, the chiral symmetry can be sponta-
neously broken in the vacuum, and chiral phase tran-
sition can happen at finite temperature. The correct
description of chiral symmetry breaking and restoration
makes the holographic QCD models more powerful in
dealing with non-perturbative QCD phenomena, and the
framework in this work can be regarded as a general set
up in application of AdS/CFT to describe conventional
Ginzburg-Landau-Wilson type phase transitions, e.g. in
condensed matter and cosmology systems.
In this work, we do not constrain the dilaton profile
from the meson spectral simultaneously, and the back-
reaction from the dilaton field to the metric background
is not considered, which will be left for future work. Fur-
thermore, after introducing chemical potential through
the gauge field part, we expect to get the correct T − µ
phase diagram in the future.
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